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Abstract: Bacterial attachment and colonization to hygiene sensitive surfaces, both public and
nosocomial, as well as in food industry areas, poses a serious problem to human healthcare. Several
infection incidents are reported, while bacterial resistance to antibiotics is increasing. Recently, novel
techniques for the design of antibacterial surfaces to limit bacterial spreading have emerged, including
bifunctional antibacterial surfaces with antifouling and bactericidal action. In this context, we have
recently developed smart, universal, metal-sputtered superhydrophobic surfaces, demonstrating
both bacterial repulsion and killing efficacy. Herein, we present the optimization process that led
to the realization of these “hybrid” antibacterial surfaces. To this end, two bactericidal agents,
silver and copper, were tested for their efficiency against Gram-negative bacteria, with copper
showing a stronger bactericidal action. In addition, between two low surface energy coatings,
the fluorinated-alkyl self-assembled chlorosilane layer from perfluorinated octyltrichlorosilane
(pFOTS) solution and the fluorocarbon layer from octafluorocyclobutane (C4Fg) plasma were both
approved for their anti-adhesive properties after immersion in bacterial solution. However, the latter
was found to be more efficient when engrafted with the bactericidal agent in shielding its killing
performance. Furthermore, the thickness of the plasma-deposited fluorocarbon layer was optimized,
in order to simultaneously retain both the superhydrophobicity of the surface and its long-term
bactericidal activity.

Keywords: antibacterial activity; hybrid antibacterial surfaces; bifunctional surfaces; bactericidal
agents; anti-adhesive surfaces; superhydrophobicity; plasma micro-nanotextured surfaces;
Gram-negative bacteria

1. Introduction

Bacteria are renowned for their aptitude to colonize a diversity of materials, ranging from textiles,
food packaging [1] public transportation, and aircraft interior surfaces, to medical implants, surgical
equipment, and nosocomial surfaces. Bacterial infections are the second major cause of human
mortality, being accountable for 17 million deaths annually [2], holding a global percentage of 64%
hospital acquired infections [3,4]. Their spreading is fostered by the emergence of antibiotic resistance,
with the development of multi-drug resistant strains of bacteria, as a result of the excessive use of
antibiotics. We live in the era that bacteria not only develop resistance to antibiotics, but they also
genetically acquire it from other strains, becoming so called “superbugs” [5]. Antimicrobial resistance
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now claims 25,000 deaths per year in the EU [6] and 23,000 in the USA [7], with a total of 700,000 losses
globally, estimated to reach 10 million by 2050 [8]. While conventional antibiotics gradually lose
their efficacy, there is a dire need for the emergence of alternative methods to tailor material surfaces,
rendering them antibacterial so as to halt bacterial colonization and limit the spread of infections.

The main categorization of antibacterial surfaces involves: (i) bacteria repellent, antibiofouling
surfaces, resistant to initial bacterial attachment and (ii) bactericidal surfaces, usually enriched with a
bactericidal agent to kill bacteria.

For the fabrication of anti-adhesive surfaces, properties such as surface charge, free energy, zeta
potential, and wettability [9,10] are taken into account. Established surface modification strategies
include chemical functionalization by grafting anti-adhesive polymers, such as polyethylene glycol
(PEG), acting as a repellent coating [11,12], or physical alteration of the surface topography with the
creation of surface roughness [13,14]. Many studies, however, focus on surface wettability, proving
that both extreme wetting states, either superhydrophilicity or superhydrophobicity, hinder bacterial
adhesion [10,15].

Bactericidal surfaces are capable of killing or inactivating adhering bacteria [16]. Main fabrication
techniques involve the incorporation of a biocide agent. Inorganic agents, recently reviewed by
Bassegoda et al. [17], are usually preferred, due to their multiplicity of action, mainly attributed
to the release of ions, which incommodes raising of bacterial resistance [18]. Among these agents,
more widely investigated are silver (Ag) [19,20], copper (Cu) [21,22], and gold (Au) [23], as well as
some metal oxides, such as copper oxide (CuO) [24,25], zinc oxide (ZnO) [26], and titanium dioxide
(TiOy) [27,28]. Cationic organic polymers are also employed, either synthetic, such as quaternary
ammonium compounds (QACs) [29,30], or natural biocides, such as antimicrobial peptides (AMPs),
chitosan, and lipids [31]. Finally, without grafting of a biocide, physical treatment for texturing high
aspect ratio nanoprotrusions has been proven lethal for bacteria [32,33].

As can be deduced, a diversity of techniques is applied which, despite their general effectiveness,
finally succumb to their innate limitations; anti-adhesive surfaces lose their efficacy with only a
few bacteria adhered, since they will gradually form a biofilm, and bactericidal surfaces deprived
of anti-adhesive properties are exposed to an aggregated bacterial population that hampers their
bactericidal action. The combination of these two complementary approaches results in a “hybrid”
antibacterial action with highly potent antibacterial surfaces of dual functionality.

Recent studies have focused on realizing such “smart” antibacterial surfaces. Among these,
relaying on cases of proven anti-adhesive properties of superhydrophobic surfaces, including our
previous work by Ellinas et al. [34], in which bacterial repulsion was studied on superhydrophobic
surfaces fabricated by plasma micro-nanotexturing, a variety of these bifunctional surfaces use
superhydrophobic surfaces for ensuring the antibacterial role. A selection of the abovementioned
bactericidal agents is integrated in the design of superhydrophobic surfaces for the completion of their
antibacterial duality. For example, Ren et al. [35] spray-coated glass substrates with superhydrophobic
silica sol (F-5iO,) suspension, enriched with copper oxide (CuO) nanoparticles as the bactericidal agent.
Interestingly, Qian et al. [36] created hierarchical micro-nanostructures on stainless steel by sequential
assembly of polydopamine (PDA) and silver (Ag) nanoparticles to a multilayer film, followed by 1H,
1H, 2H, 2H-perfluorodecanethiol (PFDT) hydrophobic fluorocarbon deposition to exhibit antibacterial
activity against both Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria.
Dual-mode antibacterial activity was also demonstrated by Ozkan et al. [37], who reported a two-step
aerosol-assisted chemical vapor deposition (AACVD) for growing copper nanoparticle-incorporated
silicone (poly(dimethylsiloxane)-PDMS) film on glass substrates, whilst in Tripathy et al. [8] silanized
copper hydroxide nanowires were transferred onto PDMS surface after curing and mechanical
tearing. Heinonen et al. [38] prepared superhydrophobic surfaces on stainless steel, containing silver
nanoparticles via the sol-gel method, and indicated the dependence of long-term silver bactericidal
activity on the environmental pH. Several examples of antibacterial surfaces based on wetting control or
the combination of wetting control and a bactericidal agent can be found in a recent review paper [39].
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In this context, in our previous work [34] we presented a simple method for the fabrication
of universal, metal-sputtered superhydrophobic “hybrid” antibacterial surfaces exhibiting both
anti-adhesive and bactericidal long-term activity against Gram-negative bacteria of concentrations
as high as 2 x 10” cfu/mL, one of the highest ever reported in the literature. One explanation for the
beneficial anti-adhesive behavior of the proposed superhydrophobic surfaces is possibly their low
friction properties [40]. Herein, we demonstrate the optimization process of the surface properties,
meaning the appropriate combination of low surface energy coating and bactericidal agent that
allows the expression of the dual antibacterial functionality of such surfaces. Two hydrophobic
coatings were tested, a fluorocarbon layer deposited using octafluorocyclobutane (C4Fg) plasma, and a
fluorinated-alkyl self-assembled layer using perfluorinated octyltrichlorosilane (pFOTS) gas phase
deposition. The two most broadly incorporated biocides, silver and copper, were also evaluated
to identify which one performs more efficiently. More specifically, the choice of the bactericidal
agent was made with respect to its long-term and broad-spectrum bactericidal performance, as a
warranty for an antibacterial surface independent from the environmental conditions and the bacterial
concentration. Further, the hydrophobic coating was chosen in terms of its ability to sustain the
anti-adhesive properties of the surface, when combined with a metallic agent. The static contact
angle of the chemically passivated, metal-sputtered micro-nanostructured surfaces was measured as a
means of estimating the preservation of their superhydrophobic property. Finally, the thin distinctive
boundary thickness of the chosen passivation coating is defined, so as to allow the interpretation of
both the antifouling and bactericidal nature of the surface. The rationale was that the deposition time
was adequate enough for the coating to sufficiently cover the nanostructured surface, shielding the
superhydrophobicity of the surface and simultaneously ensuring controllable release of the metallic
agent for long-term bactericidal action, all the while being short enough to avoid forming a very
thick coating that would obstruct the metallic ions diffusion to the surface, impeding the surface
bactericidal activity.

2. Materials and Methods
2.1. Fabrication of Superhydrophobic Poly(Methyl Methacrylate) (PMMA) Surfaces

2.1.1. Micro-Nanotexturing of PMMA Surfaces

Optically transparent poly(methyl methacrylate)/PMMA sheets of 2 mm thickness were purchased
from IRPEN (Barcelona, Spain), cut down to 2 cm X 2 c¢m plates, and cleaned using isopropyl
alcohol (IPA) and deionized (DI) water. Plasma-induced micro-nanotexturing of the PMMA surfaces,
i.e., plasma etching with parallel creation of roughness at the nano to micron scale [41,42] was performed
in a high-density radio frequency (RF) source helicon plasma reactor (Micromachining Etching Tool,
MET, from Adixen-Alcatel, Anaheim, CA, USA). Oxygen (O;) plasma was used for the texturing of the
surfaces under the typical highly anisotropic conditions of 1900 W source power, 100 sccm O,, 0.75 Pa
gas pressure, 15 °C, 250 W bias power, and duration of 10 min [43,44].

2.1.2. Hydrophobic Film Deposition

For rendering the micro-nanotextured PMMA surfaces superhydrophobic, the plasma-induced
roughness needs to be combined with a low surface energy coating deposition [44,45]. In this work,
two kinds of hydrophobic coatings were tested in terms of their competence to pinpoint both the
anti-adhesive and bactericidal activity of the surfaces. Specifically, the first one is a fluorocarbon layer,
plasma-deposited using octafluorocyclobutane (C4Fg) gas under the following conditions: 900 W, 0V,
5.33 Pa C4Fg, and a deposition rate of 68 nm-min~! [43], and the second one, a (fluorinated-alkyl)
self-assembled (chlorosilane) layer, gas phase-deposited from a 80 uL solution pFOTS (1H, 1H, 2H,
2H, perfluorooctyltrichlorosilane, CF3(CF,)5CH,;CH,-S5iCl3) in 2 mL hexane (3% v/v) under controlled
flow of 50 uL-min~! inside a vacuum desiccator for an approximate time of 2 h at room temperature,
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followed by heating at 95 °C for 10 min for solvent removal. Of note, prior to pFOTS deposition,
oxygen activation was performed by plasma treatment in the same helicon plasma reactor in typical
conditions of 1900 W, 100 sccm Oy, 1.33 Pa, 15 °C, 0 bias power, and 20 s [41].

2.2. Metal Deposition

Copper (Cu) and silver (Ag) thin film deposition was performed via sputtering on both untreated
and micro-nanotextured PMMA surfaces using an RF magnetron sputtering reactor CVE 401 (Cooke
Vacuum Products Inc., Redding, CT, USA) with argon (Ar) as inert gas under operating parameters of
base pressure 5 x 1078 Torr, power density 1.41 W/cm?, Ar pressure 3 mTorr.

Metal deposition was performed on PMMA surfaces prior to any hydrophobic layer deposition.
Metal thickness was measured on untreated control Si substrates, processed simultaneously with the
PMMA surfaces. Specifically, a surface profilometer (XP-2 Stylus Profilometer, Ambios Technology,
Inc., Santa Cruz, CA, USA) was used to measure the step between the metal-sputtered and the clean
area of the control Si substrates. Taking into account the deposition time, the deposition rate (nm-s~*)
was defined. The desired thickness of the sputtered metal film on the PMMA surfaces was achieved
by implementing the appropriate deposition time, at the same sputtering parameters used for the
calibrated Si substrates. Thus, the 2, 5, and 10 nm metal film thicknesses were determined according
to the deposition time used for these film thicknesses. It should be noted that on the rough PMMA
surfaces, the sputtered metal is not expected to form a film of uniform thickness.

2.3. Surface Characterization

Scanning electron microscopy (SEM) was performed in a JSM-7401F instrument from JEOL
(Tokyo, Japan) for the characterization of surface morphology of PMMA plates after plasma treatment.
The wettability study of the micro-nanotextured surfaces was performed by static and dynamic
water (surface tension 72 mN-m™!) contact angle measurements, using a Digidrop System (GBX,
Romans-sur-Isére, France). Water static contact angle (WSCA) was measured by depositing a typical
volume of 5 puL, whilst contact angle hysteresis (CAH) was evaluated by measuring the advancing and
receding contact angle during continuous increase and decrease of the droplet volume, respectively.
Contact angle hysteresis refers to the difference between advancing and receding contact angle.
Extrapolation of the three phase boundaries, i.e., solid/liquid, solid/vapor, and liquid/vapor to
the common intersection line gives the contact angle of the solid/liquid interface, as a result of a
fitting procedure from a series of captured photographs (image resolution 768 x 572 pixels) [41].
All measurements were carried out at ambient conditions with a minimum of three measurements
taken in different spots of each sample, the average value of which was taken into account with
an uncertainty of +2° [41]. The thickness of the low surface energy coatings was measured using
ellipsometry (Spectroscopic Ellipsometer, J.A. Woollam Co., Lincoln, NE, USA) on untreated control Si
wafers, processed simultaneously with the PMMA surfaces.

2.4. Bacterial Culture

Unicellular Gram-negative cyanobacteria Synechococcus sp. PCC7942 were purchased from the
Collection Nationale de Cultures de Microorganismes (CNCM), Institut Pasteur (Paris, France). They
were cultured in BG11 basal medium (pH 7.5) [46] and incubated under white fluorescent light
(100 tE-m~2:s71) in an orbital shaker incubator (Gallenkamp INR-400, Gallenkamp, UK) at 31 °C,
supplied with 5% /v CO; in air. Cells were harvested during their exponential growth period, and the
tracking of their growth was performed by measuring their chlorophyll (Chl &) concentration in a
UVIDEC-610 spectrophotometer (Jasco, Tokyo, Japan). Chlorophyll & concentration was determined
in N,N-dimethylformamide (DMF) extracts of cell pellets [47].



Coatings 2020, 10, 25 50f17

2.5. Bacterial Adhesion Study

For the study of cyanobacterial adhesion on untreated and superhydrophobic PMMA surfaces,
two kinds of micro-nanotextured superhydrophobic PMMA surfaces were created, both oxygen
plasma-treated, and differentiated in terms of the deposited low surface energy coating, which is
either the fluorocarbon layer from octafluorocyclobutane (C4Fg) plasma or the chlorosilane layer from
perfluorooctyltrichlorosilane (pFOTS) solution. Prior to plasma micro-nanotexturing, parallelogram
wells of dimensions 50 mm (length) X 20 mm (width) X 1 mm (depth) were hot embossed on the PMMA
substrates. The bottom of the wells was either left untreated or was plasma micro-nanotextured and
hydrophobized, as aforementioned, and filled with 1 mL of bacterial solution of 2.3 X 10° cfu/mL. The
wells were kept inside an incubator (LabTech, Daihan LabTech Co., LTD, Namyangju, Korea) that
provided the appropriate conditions for bacterial growth, namely 28 °C, light, and a relatively high
humidity (>50%). Bacterial adhesion was studied every 24 h for a total time period of 72 h, using
fluorescence microscopy (Axioskop 2 plus, Carl Zeiss, Oberkochen, Germany). In particular, at the end
of every 24 h, fluorescence intensity images were captured using ImagePro software (version 6.0), from
which bacterial adhesion was quantified by calculating the % bacterial coverage. Each % bacterial
coverage value has been averaged over 90 measurements (30 images X 3 repetitions), accompanied by
the respective mean deviation.

2.6. Antibacterial Susceptibility Testing Method

An in situ quantitative method for the assessment of the antibacterial properties of the fabricated
surfaces was used, based on in vivo measurements of chlorophyll (Chl o) fluorescence of cyanobacteria
directly deposited on the surfaces, as a faithful representation of their real life conditions [48,49]. The
method has been tested and evaluated for its accuracy compared to the AATCC 100-2004 method,
which is used as a standard for the evaluation of the antibacterial properties [48]. More specifically, it
has been demonstrated [49] that this method employing cyanobacteria can monitor the behavior of
either phototrophic or heterotrophic bacterial metabolic pathways on antibacterial surfaces. Therefore,
the cyanobacteria Synechococcus sp. PCC 7942 have been used not as only one species of bacteria, but
as typical Gram-negative bacteria.

In brief, droplets of 50 uL Synechococcus sp. PCC7942 on each surface were kept, prior to
measurement, in complete darkness for 10 min to ensure the establishment of the dark-adapted
cells. Chl « fluorescence intensity Fy was measured upon excitation using a PEA-fluorometer (PEA,
Hansatech Instruments Ltd., Norfolk, UK), every 24 h for a time period of 20-27 days, and each F value
was averaged upon 36 measurements (3 measurements on each surface X 3 surfaces X 4 repetitions).
As a means of determining the evolution of the bacterial population, the % change (;) in Chl «
fluorescence after i days was calculated, according to the equation:

_ Fo—F,

M; = X 100%
i FOO

where F, is the fluorescence value at zero contact time and Fy, is the fluorescence value after 1,2, ..., i
days. Of notice, F has been proved to be directly correlated to the bacterial population and the M;
evolution to the increase/decrease of the population [48]. In particular, negative values of the M; index
are indicative of a decline in bacterial population, therefore of an antibacterial behavior of the testing
surface. An exception to this is the lag phase of the first days of cyanobacteria in contact with the
surface, where the M; negative values are attributed to the bacterial adjustment to the new conditions.
The obtained M,; results are presented as the averaged values of each surface on the specified day,
accompanied by their standard deviation.



Coatings 2020, 10, 25 60f17

3. Results and Discussion

3.1. Micro-Nanotextured Superhydrophobic Surfaces

Highly anisotropic oxygen (O,) plasma treatment was applied at the abovementioned conditions
(see Section 2.1.1) for the texturing of the PMMA surfaces. As previously shown [44], these O, plasma
conditions lead to very high surface roughness on PMMA surfaces, most appropriate for ensuring
superhydrophobicity after the additional fluorocarbon layer deposition. Indeed, 10 min etching
of the surfaces resulted in a dual-roughness topography, with randomly distributed coarse scale
microfilaments bearing fine scale nanofeatures on their top. SEM images (Figure 1) are indicative of
the micro-nanotextured topography induced by the oxygen plasma processing

In addition to the induced surface topography, this plasma treatment of the PMMA surfaces also
invokes chemical modification [50]. In fact, following X-ray photoelectron spectroscopy (XPS, Kratos
Axis Ultra DLD, Kratos Analytical Ltd., Manchester, UK) analysis of untreated and treated PMMA
surfaces, additional components were shown to be introduced on the surface after plasma treatment,
such as carbonyl (C=0), carbonate (O,—C=0), and O-C-O chemical groups, leading to significant
increase of [O] from 23% to 38%, and reduction of the [C] content from 77% to 40%, on the surface of
treated PMMA. Moreover, an increase of the Al content of the surface from 0% to 5% (after 15 min
treatment) has been demonstrated, as a result of sputtering of the plasma etcher dome.

SE GB-L SEI 25KV  X2500 82mm _ 10xm 5 5, ! 1um

(@) (b)

Figure 1. Scanning electron microscopy (SEM) images of micro-nanotextured poly(methyl

methacrylate)/PMMA surfaces after 10 min highly anisotropic oxygen (O,) plasma treatment at (a) x2500
magnification and (b) x5000 magnification for better visualization of the induced nanotopography.
The induced micro-nanoroughness is accompanied by chemical modification of the PMMA surfaces,
with the introduction of carbonyl (C=0), carbonate (O,—~C=0) and O-C-O chemical groups.

After surface micro-nanotexturing, PMMA surfaces were deposited with two kinds of low surface
energy coatings, either the fluorocarbon layer from octafluorocyclobutane (C4Fg) plasma, or the
fluorinated chlorosilane layer from perfluorooctyltrichlorosilane (pFOTS) solution, to be rendered
superhydrophobic. For verifying the wetting properties of the textured surfaces, water static contact
angle (WSCA) measurements were performed, alongside with dynamic measurements of the advancing
and receding contact angles, resulting in the respective contact angle hysteresis (CAH) for both the 10 s
fluorocarbon and the 2-h chlorosilane layer deposition processes (Table 1). As presented in Table 1,
both surfaces exhibit high water static contact angles (>155°) and low hysteresis (<5°), verifying their
superhydrophobic character. More specifically, Figure 2 shows a water droplet on the 10 min O,
plasma-etched PMMA surfaces, deposited with the hydrophobic layer from either C4Fg plasma or
pFOTS solution.
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DROP PROPERTIES DROP PROPERTIES

Contact angle (Canvas) 158.313 Contact angle (Canvas) 158.214

(a) (b)

Figure 2. Photographs of a 5 uL water droplet on an oxygen plasma micro-nanotextured (10 min)
superhydrophobic PMMA surface coated with (a) a fluorocarbon layer from C4Fg plasma deposition
(10 s) and (b) a fluorinated chlorosilane layer from pFOTS solution.

Table 1. Water static contact angle measurements of oxygen plasma micro-nanotextured
superhydrophobic PMMA surfaces after the deposition of either a fluorinated chlorosilane layer from
perfluorinated octyltrichlorosilane (pFOTS) solution or a fluorocarbon layer from C4Fg gas discharge,
alongside with the respective advancing, receding contact angles and contact angle hysteresis.

Precursors Water Static Contact Advancing Contact Receding Contact Contact Angle
Angle (WSCA) (°) Angle (ACA) (°) Angle (RCA) (°) Hysteresis (CAH) (°)
pFOTS 158 158 156 2
C4Fg 158 158 157 1

The wetting properties of a surface determine the contact area between a liquid and the surface.
The liquid—solid contact area is different for an untreated and a micro-nanotextured superhydrophobic
surface, meaning that for the same volume bacterial concentration, a different bacterial surface density
corresponds to each surface, resulting in a different bacterial number eventually interacting with
the surface. As a means of quantifying this difference in liquid-solid contact area, a droplet of 50
uL bacterial solution was dispensed on each surface and the contact area diameter of each droplet
was measured using the GBX Digidrop System. For the untreated surfaces, the contact line diameter
was measured dy = 12.9 + 0.3 mm, producing a contact surface area Sy = 130 mm?, while for the
superhydrophobic surface, the contact line diameter was dgy = 2.8 = 0.1 mm and the surface area
Sspp = 6.1 mm?. Indeed, the two contact surface areas differ by a factor b = SS—UH = 21, indicative of the
normalization demanded if untreated and superhydrophobic surfaces are compared directly (not such
comparison performed in this work).

3.2. Bacteria Anti-Adhesive Surfaces

The anti-adhesive properties of the as here produced superhydrophobic surfaces were tested after
immersion in bacterial solution. In this study, parallelogram wells of untreated and superhydrophobic
surfaces of the two types of hydrophobic coatings were filled with 1 mL bacterial solution of
2.3 x 10° cfu/mL concentration and studied using fluorescence microscopy for 3 days. Representative
fluorescence microscope images of the bacterial propagation on the three different substrates are
provided in Table 2. The resulting bar diagram of the % bacterial coverage at the end of every 24 h and
throughout the experiment is shown in Figure 3.
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Table 2. Fluorescence microscope images of bacterial propagation on three different surfaces,
i.e., untreated PMMA, and superhydrophobic deposited with either chlorosilane layer from pFOTS
solution, or fluorocarbon layer from C4Fg plasma micro-nanotextured PMMA surfaces, during the 72-h

bacterial adhesion study (2.3 x 10? cfu/mL).

Time
(h) Untreated PMMA Surfaces (pFOTS Chlorosilane Layer)

Superhydrophobic PMMA Surfaces

Superhydrophobic PMMA Surfaces
(C4Fg Fluorocarbon Layer)

24
50 pm 100 um
- |
48
100 pm
=

100 um

-
100 pm
|

100 pm

72 -
|
i (b)
i
!
[ L]
a 3 3]
( ) / E
Il Untreated }" ]
[ superhydrophabic (pPFOTS deposition) | | E 2|
I Superhydrophobic (C4Fg depositiop) 8
100 - - i a
I E
i
80 i
[} '
g’ ! 0
5 i 24 48 72
3 60 - ! Time (h)
1) ! .
® I /
5 40 | ’
° [ /
o /!
@ Iy
e 204 Py
i
................ ’
o oo
24 48 72
Time (h)

Figure 3. (a) Percentage bacterial coverage of untreated and superhydrophobic PMMA surfaces
(deposition of chlorosilane layer from pFOTS solution, or fluorocarbon layer from C,Fg plasma).
(b) Magnified image to clearly present the low % bacterial coverage (not exceeding 1.5%) of both
superhydrophobic surfaces, demonstrating superior bacteria anti-adhesive surfaces.
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As it can be deducted from both Table 2 and Figure 3, bacteria propagate on the untreated PMMA
surfaces, yielding 94% bacterial coverage after 24 h, further increased to higher than 96% at 48 h.
On the contrary, both the chlorosilane and the fluorocarbon coated superhydrophobic surfaces exhibit
significantly low % bacterial coverage, not surpassing 1.5%. Conclusively, this study has revealed a
straightforward anti-adhesive, antibacterial performance for both kinds of hydrophobic layer deposited,
i.e., the chlorosilane layer from pFOTS (1H, 1H, 2H, 2H, perfluorooctyltrichlorosilane) solution, and
the fluorocarbon layer from octafluorocyclobutane (C4Fg) plasma, superhydrophobic surfaces.

The anti-adhesive properties of these superhydrophobic surfaces can perfectly contribute to their
antibacterial behavior by delaying the bacterial biofilm formation. However, considering the bacterial
potential to exponentially proliferate, even a limited bacterial number attached on superhydrophobic
surfaces can progressively evolve to an extended bacterial population after several hours of immersion
in bacterial solution (exceeding the as here studied 72 h), thereby shielding the superhydrophobic
surfaces with only short-term antibacterial protection [34]. Therefore, in order to achieve long-term
antibacterial activity, the engraftment of a bactericidal agent on superhydrophobic surfaces is attempted,
which will secure the extermination of any remaining bacteria, fulfilling the bifunctional antibacterial
role of the finally produced “hybrid” metal-sputtered superhydrophobic surfaces.

3.3. Bactericidal Activity of Copper and Silver

As reported in our previous work [34], the incorporation of a bactericidal agent is essential for
ensuring long-term antibacterial action, in terms of constructing the ultimate, hybrid antibacterial
surface. In this context, in order to determine the best antibacterial agent, copper and silver, two of
the most frequently used bactericidal agents, were sputtered on untreated PMMA surfaces forming
a 10 nm film. Three different bacterial concentrations of 2.3 x 10?, 4.6 x 10, and 9.3 x 10° cfu/mL
were tested in order to demonstrate the range of antibacterial action for the two metal agents. In all
cases, 50 uL of the corresponding concentration of Synechococcus sp. PCC 7942 were deposited on each
surface and their antibacterial behavior was measured according to the Chl « fluorescence emission, as
captured by the in situ antimicrobial susceptibility testing method [48] throughout the exponential
bacterial growth period. The resulting M; index evolution of the two different metallic sputtered
surfaces is presented separately for each bacterial concentration, with respect to an untreated pristine
PMMA surface in Figure 4.

9
2.3 x 10° cfu/mL 4.6 x 10° cfu/mL

100 - 100 |
—=— Untreated
M Cu IW’ _
——Ag
50 - 50 B =
& —t T F— —& T T T = T T T 1
i ] 10 10 15 20 25
ol 1
-50 4 -50 4
—=— Untreated
Cu
-100 - -100 - ——Ag
Time (days) Time (days)
(a) (b)

Figure 4. Cont.
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9.3 x 10° cfu/mL

100

50 —

-50 -
—=— Untreated

Cu
—Ag

-100 -

Time (days)

(©

Figure 4. Bactericidal activity of copper and silver enriched untreated PMMA surfaces
(i.e., without plasma micro-nanotexturing) for various Synechococcus sp. PCC 7942 concentrations
of (a) 2.3 x 10° cfu/mL, (b) 4.6 x 10° cfu/mL, and (c) 9.3 x 10° cfu/mL. In all concentrations, copper
outperforms silver, all the while enabling long-term maintenance of bacteria-killing properties.

Figure 4 clearly reveals copper’s superiority as a bactericidal agent for the entire concentration
range. More specifically, at the low concentration of 2.3 x 10° cfu/mL, though silver presents a clear
bactericidal behavior, as depicted from the negative M; values, the decline in bacterial population
caused by copper at the end of the experiment (day 10) is as much as 3.4 times greater. Added to this,
the limited duration of the experiment (10 days) does not ensure the preservation of silver’s killing
potential with the evolving biofilm formation, given its limited contact killing properties in the specific
conditions. Moving on to the concentration of 4.6 X 10° cfu/mL, silver remains biocidal only until
the 7th day of experiment in a total of 22 days, as proven by the negativity of its M; index, which
is not the case for copper, which appears to sustain its bactericidal activity until the 22nd and last
experiment day, keeping an approximately steady performance. As for the highest concentration of
9.3 x 10 cfu/mL, silver-sputtered surfaces present an absence of bactericidal activity, allowing normal,
exponential development of bacterial population, similar to the one on the untreated surface, until
biofilm formation (due to experimental errors, it is difficult to argue whether the Ag-coated surface is
indeed worse than the untreated one). On the contrary, although copper-sputtered surfaces seize to
cause decrease of the bacterial population on day 8, they still manage to retard the bacterial exponential
growth even after biofilm formation, preserving steadily lower values of M; index compared to the
ones of the reference or silver surface until the end of the experiment (day 27). We can therefore
safely conclude that at concentrations equal to or higher than 4.6 X 10° cfu/mL, silver is no longer
capable of acting as bactericidal agent or it has already been consumed, whereas copper retains its
bactericidal activity, gaining an advantage in terms of both breadth of bacterial concentration and
long-term bactericidal action.

These results comply with the physico-chemical properties of each metallic agent. More specifically,
silver’s bactericidal activity is promoted when found in oxidative condition AgO [51,52], which allows
dissolution to Ag* ions that primarily invoke bacterial damage [52,53]. However, oxidation of metallic
silver and dissolution to the ionic condition Ag™* is pH-dependent, decreasing with increasing pH and
being favored in acidic environments [51,54]. This is not the case of our experimental conditions, with
the cyanobacteria even creating a mildly alkaline field. While the antibacterial role of metallic silver
cannot be excluded, hindered release of Ag* ions ally with the decreased killing efficiency of silver
compared to copper.

On the other hand, copper remains active in ambient conditions, where despite its metallic
form, it can be found oxidized as Cu,O, which is its main oxidizing state, and CuO, or in the ionic
condition Cu?* [51]. In any case, the release of Cu?* ions, which is the main contributor in the killing
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process [55,56], initiates upon contact with the bacteria [57]. Copper has been proven advantageous in
contact killing compared to other metals, including silver [51], and lethal in dry conditions [56,58] that
better approach our experimental conditions, with a reportedly even higher killing rate in dry copper
surfaces compared to moist ones [58]. Its superiority in dry contact can be interpreted by its three-stage
attack to bacteria [56], which involves primarily cell membrane rupture and loss of cytoplasmic content
due to both released copper ions and applied stress, followed by generation of toxic reactive oxygen
species (ROS) by a Fenton-type reaction [59] that damage cell functionality by inhibiting respiration
and inactivating proteins, and finally, leading to DNA degradation. Added to the above, copper
exhibits enhanced bactericidal performance towards specifically autotrophic photosynthetic organisms,
due to the Cu®* copper ion’s ability to obstruct the photosynthetic procedure by obstructing the
electron transport in Photosystem II [48]. However, in our study, its bactericidal activity cannot be
exhausted to its capacity to impede photosynthesis, as reaffirmed by the universality of the as here
used chlorophyll « fluorescence based antimicrobial susceptibility testing (AST) method, which is
affected by antibacterial agents via mechanisms offending all Gram-negative bacteria, regardless of
their autotrophic or heterotrophic metabolic pathways [49]. Thus, with cyanobacterium Synechococcus
sp. PCC 7942 used as a typical Gram-negative bacterium, such as E-coli that is used routinely in all
standard antibacterial methods [60], it can be safely concluded that copper’s bactericidal performance
applies to all Gram-negative bacteria. Supporting this is the evident outperformance of copper and its
broad range of activity even in concentrations as high as 9.3 x 10° cfu/mL, while overall its antibacterial
activity has been extensively verified towards both Gram-positive [61] and Gram-negative bacteria [62].

3.4. Evaluation of Copper Film Thickness and Hydrophobic Coating Type Targeting a Bifunctional
Antibacterial Activity

Copper, therefore, rose as the most suitable agent for long-term antibacterial action. Keeping in
mind the need for dual antibacterial activity, a hydrophobic coating should be chosen so as to allow
the bactericidal action of the agent, and at the same time preserve the anti-wetting properties of the
surface that ensure its anti-adhesive behavior. For this reason, we tested two kinds of hydrophobic
coatings, a fluorocarbon layer from octafluorocyclobutane (C4Fg) gas discharge, and a self-assembled
fluorinated chlorosilane (pFOTS—1H, 1H, 2H, 2H, perfluorooctyltrichlorosilane) layer. Specifically,
after oxygen plasma micro-nanotexturing, PMMA surfaces were copper-sputtered in three different
film thicknesses of 2, 5, and 10 nm (as measured on flat Si surfaces), and for each of them, both low
surface energy coatings were tested, the fluorocarbon C4Fg plasma-deposited for 30 s, resulting in
33.9 + 0.9 nm thickness and the chlorosilane layer for 2 h.

The maintenance of the wetting properties of the surfaces with the implantation of the bactericidal
agent was quantitatively specified by measuring the static water contact angle of the passivated
surfaces for each different copper film thickness. The results of our measurements are summarized in
Table 3.

Table 3. Water static contact angle measurements of plasma micro-nanotextured superhydrophobic
PMMA surfaces after the deposition of a fluorinated chlorosilane layer from pFOTS or a fluorocarbon
layer from C4Fg gas discharge, for various underlying copper film thickness.

Copper Thickness (nm) Water Static Contact Angle (WSCA) (°)

pFOTS CyFg
2 100 157
5 50 157
10 <50 159

As seen in Table 3, at high copper thickness the fluorinated chlorosilane layer did not successfully
bind onto the substrate, presenting low WSCA. The highest value was measured on the 2 nm copper
film thickness. On the contrary, the fluorocarbon layer which is physically deposited on the surface
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exhibited high water static contact angle and low hysteresis (contact angle hysteresis lower than 5°)
and the surface became superhydrophobic in all cases. This behavior can be explained by the different
properties of the hydrophobic films. The chlorosilane layer from pFOTS solution requires hydroxyl
formation in order to enable chemical binding with Cl. The deposition of the bactericidal agent (copper)
impedes the creation of a uniform layer from pFOTS and by increasing the copper coverage of the
surface, hydroxyl formation is hindered, resulting in failure of pFOTS coating. That is not the case for
the fluorocarbon C,Fg-deposited layer, which can be more easily stabilized on the surface with no need
for oxygen pretreatment, thereby deposited more uniformly and, thus, presenting wetting properties
independent from the copper film enrichment.

We should note here that without the engraftment of a bactericidal agent, the as here produced
oxygen plasma-etched micro-nanotextured surfaces, deposited with the chlorosilane layer from
pFOTS, were successfully proved superhydrophobic (Section 3.1) and have also been previously
extensively produced [63,64]. Likewise, their superhydrophobic and anti-adhesive properties were
further sustained after the immersion in bacterial solution for 3 days (Section 3.2).

Given that less than 2 nm of copper thickness is not easily controllable and may not be sufficient as
bactericidal agent, we opt for the fluorocarbon layer as the hydrophobic coating on the copper-sputtered
plasma-etched PMMA surfaces. In this way, greater copper concentration (resulting from at least 10 nm
thickness) can be sputtered, to prolong the copper ions Cu?* diffusion and release, and consequently,
the bactericidal activity of the “hybrid” antibacterial surface.

3.5. Optimization of the Plasma-Deposited Hydrophobic Coating Thickness

Having reassured the anti-adhesive behavior and the preservation of the superhydrophobic
character of the surfaces with the fluorocarbon coating for an adequate copper film thickness of 10 nm,
the bactericidal activity of the surfaces needs to be examined for various thicknesses of the hydrophobic
coating for unhindered copper ion diffusion through it to enable direct and efficient contact killing.

For this reason, hydrophobic copper-sputtered surfaces were produced, meaning smooth PMMA
surfaces, i.e., not roughened after oxygen plasma treatment, further sputtered with 10 nm-thick copper
film, followed by varying C4Fg plasma deposition times of the fluorocarbon layer for 5, 10, 20, and 30 s.
Contact angle measurements on the fluorocarbon surfaces resulted in an approximate value of 108°.
Fifty microliters of Synechococcus sp. PCC 7942 of 4.6 x 10° cfu/mL concentration was added to the
surfaces and the Chl « fluorescence was measured using the proposed in situ susceptibility method
until the end of their exponential growth with their evolution curves being shown in Figure 5a.

As can be seen in the graph, deposition times of 5 and 10 s present an obvious advantage over the
larger times of 20 and 30 s, by receiving negative values of M; index indicative of the decline in the
bacterial population and, thus, the antibacterial activity. An enhanced antibacterial behavior of the
5 s deposited fluorocarbon layer surfaces is deployed compared to the 10 s, with an earlier and more
intense expression of the M; negative values, as reaffirmed by the greater slope of the corresponding
graph. The results could be interpreted as hampering the copper ions diffusion to the surface with the
increase of the hydrophobic coating thickness.

Given the need for a balance between an adequate, yet controlled, release rate of copper ions to
achieve prolonged bactericidal activity, the same deposition times were examined for superhydrophobic
surfaces, roughened in oxygen plasma, and enriched with the same copper quantity (10 nm thickness).
The water static contact angle measurements of the 10 nm copper-sputtered micro-nanotextured
surfaces for all the varying fluorocarbon deposition times (5, 10, 20, and 30 s) resulted in 160° (+2°),
with respective contact angle hysteresis lower than 5°, in all cases. From the results shown in Figure 5b,
the antibacterial activity of the 10 s deposited fluorocarbon layer outperforms the 5, 20, and 30 s
deposited surfaces. The better bactericidal activity displayed for the 10 s fluorocarbon deposition
indicates the effect of surface roughness, which demands a higher deposition time for creating a
superhydrophobic, anti-adhesive surface. Following the same rationale, the 10 s deposition time of
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hydrophobic layer was opted for the greater quantity of 15 nm copper film finally engrafted in the
“hybrid” antibacterial surfaces [34].

Fluorocarbon layer 5s,d = 6.8+ 0.3 nm Fluorocarbon layer5 s, d=6.8+0.3 nm
1004 «— Fluorocarbon layer 10s,d = 10.9+ 0.4 nm —— Fluorocarbon layer 10s,d = 10.9+ 0.4 nm
Fluorocarbon layer 20 s,d = 22.6 £ 0.6 nm 100 4 Fluorocarbon layer20s,d = 22.6 + 0.6 nm
—— Fluorocarbon layer 30s,d = 33.9+ 0.9 nm —v— Fluorocarbon layer30s,d =33.9+0.9 nm
M,
50 -| M.
50 4 .
1T+ %L . ot
- — o
o T = - Vﬁ (3—¥%F
. ;Mﬁl - y? — DR = B R
5 10 J']S 20 30 5 15 20 25 30
50 4 -50 A
-100 4 i
-100 - = Time (days)
Time (days)
(a) (b)

Figure 5. Antibacterial activity of copper-enriched (a) hydrophobic and (b) micro-nanotextured
superhydrophobic PMMA surfaces coated with fluorocarbon layer from C,Fg gas discharge for varying
deposition times of 5, 10, 20, and 30 s alongside with the analogous coating thickness d. For the
hydrophobic surfaces, optimal antibacterial activity is observed for fluorocarbon layer deposition of
5and 10 s (6.8 and 10.9 nm thickness, respectively), and is reduced for longer deposition times. For
the superhydrophobic surfaces, 5 s deposition is not enough to cover the surface roughness, thus 10 s
deposition gives the optimal behavior, combining superhydrophobicity with optimum copper diffusion
for the bactericidal activity.

Finally, it should be noted that the same bacterial volume concentration (4.6 X 10? cfu/mL),
deposited on both the untreated and plasma-treated PMMA surfaces, corresponds to different
bacterial surface density and in particular, approximately twenty times higher on the treated surfaces
(see Section 3.1), given the significantly lower contact area of the bacterial solution with their
micro-nanotextured surface (1.7 x 108 and 33.2 x 108 cfu/cm? on the untreated and treated surfaces,
respectively) (see supporting information of [34]). This deters us from any direct comparison between
untreated and treated surfaces in terms of bactericidal performance. What is most important is to
point out the remarkable antibacterial activity (up to 16 days) of the “hybrid” copper-sputtered and
10 s fluorocarbon-coated, micro-nanotextured (superhydrophobic) PMMA surfaces at extremely high
bacterial concentrations (4.6 x 10° cfu/mL), one of the highest ever reported in the literature.

4. Conclusions

We thereby presented the optimization procedure for creating “hybrid” metal-sputtered,
superhydrophobic antibacterial surfaces, capable of a dual-function activity that encompasses both
anti-adhesive and bactericidal properties. In terms of its bactericidal mode of action, among the two
tested antibacterial agents, silver and copper, the latter was chosen due to its evident outperformance in
terms of both killing potential and long-term durability at high bacterial concentrations. This conclusion
tallies with copper’s better efficiency in dry contact killing at ambient conditions. For the surface
anti-adhesive activity, the optimization process involved two low surface energy hydrophobic coatings:
a chlorosilane and a fluorocarbon coating. While both maintained their anti-adhesive properties when
immersed in bacterial solution of sufficient concentration (2.3 x 10° cfu/mL) for as long as 3 days, the
fluorocarbon layer managed to better secure the superhydrophobicity and anti-adhesiveness of the
surface when enriched with an adequate amount (10 nm) of copper biocide. Finally, the thickness of
the fluorocarbon layer was optimized for a deposition time of 10 s (approximately 10-11 nm thickness),
enough to secure both the superhydrophobic properties of the surface and the sustained release of the
Cu?* ions via diffusion through the layer for long-term bactericidal action.
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